The Japan Aerospace Exploration Agency (JA X A) has be en developing seve ral life s c i e n c e h a r d w a r e c o m p o n e n t s f o r t h e Japanese experiment module 'Kibo' in the International Space Station (ISS). The Cell Biology Experiment Facility (CBEF) is one of these. It contains an environmental control system to regulate variables such as the temperature and humidity. It is also equipped with a centrifuge and has the ability to culture bio-specimens in a temperature range of 15 to 40˚C. In biological experiments that include in vitro cell culture, temperature control is a key factor in the success of the experiment. Thus, we first examined the temperature data in the CBEF on the ground while changing the room temperature and cooling water temperature to investigate the ability of the CBEF. Based on the ground experiment data, we carried out life science experiments onboard Kibo. Judging from the temperature data in the CBEF under microgravity, 12 life science experiments were successfully conducted up until 2011. Considering our present data, we strongly believe that the CBEF is a functional incubator in the ISS and will contribute to future experiments.
Introduction
In order to perform life science experiments in the International Space Station (ISS), many space agencies and companies have been developing various types of hardware (Kern et al., 2001; Brinckmann, 2004; Hoehn et al., 2004) . One of the ISS partners, the Japan Aerospace Exploration Agency (JAXA), has been developing different kinds of life science hardware for the Japanese experiment module called 'Kibo' in the ISS (Ishioka et al., 2004) . In particular, the Cell Biology Experiment Facility − 13 − (CBEF) is a key piece of hardware. It is equipped with an environmental control system to regulate variables such as the temperature, humidity, and carbon dioxide concentration. It also has the ability to culture biospecimens such as cultured cells, plants, and small aquatic animals in a temperature range of 15 to 40˚C. The CBEF has two incubator sections-a microgravity section and an artificial gravity section with a centrifugewhich make it possible to compare bio-specimens exposed to a microgravity environment and artificial gravity environment in Kibo.
J A X A h a s a l s o d e v e l o p e d v a r i o u s b i o l o g i c a l experiment units (BEUs) equipped with different abilities suitable for the various kinds of bio-specimens that could potentially be used for experiments onboard the ISS (Ishioka et al., 2004) . One of the most functional experiment units is a BEU called the Measurement Experiment Unit (MEU) (Fig. 1) . The MEU consists of a box called the 'canister,' temperature sensors, a base plate, and a sample holding rack. Two temperature sensors mounted inside the MEU sample holding rack make it possible to output the temperature near a specimen. A maximum of six MEUs are installed in the CBEF microgravity section, with a maximum of four set in the artificial gravity section. Large specimens can be cultured in an MEU, including plants, animal cells, and small animals such as medaka fish, goldfish, and frogs. The suitable temperature for culturing such specimens varies from 20 to 37˚C (Table 1) . Thus, the CBEF needs to control the temperature inside the MEUs over this temperature range.
The CBEF is mounted in the International Standard Each space experiment was assigned a short experiment name for easy reference.
− 14 − Payload Rack (ISPR) and connected to the Kibo system. Through the rack, the CBEF is supplied with electrical and communication lines, avionics, and cooling water from the Kibo system. Because the specifications for these resources are defined in the ISS standard documents, payloads must meet these requirements. In particular, cooling water is used to control the temperature inside the CBEF incubator. Therefore, the cooling water must be supplied at a constant temperature and flow rate. To satisfy the above requirements, the CBEF should be controlled with the maximum accuracy under the limited conditions stipulated by the ISS. In addition, there is a possibility that the ambient temperature in Kibo will affect the temperature control of the CBEF, with fluctuations reflecting the crew activities. Thus, it is very important to obtain temperature data before the space experiment, and then predict and select starting temperature setpoints for the experiments in the individual incubator units that will be suitable for various bio-specimens, corresponding to various temperatures, even if the cooling water and room temperature fluctuate. In this study, ground-based experiments were conducted before space experiments onboard Kibo. Using a CBEF ground model, we controlled the inside temperature at different room temperatures (20, 24, and 28˚C) . Then, we conducted space life science experiments based on the ground experiments and obtained temperature data for both the CBEF microgravity section and artificial gravity section. This paper is the first report on the temperature control ability of the CBEF. The CBEF was extremely accurate at regulating the temperature (±0.3˚C), and we demonstrated that the CBEF is highly capable hardware for both ground-based experiments and space life science experiments onboard Kibo.
Methods

CBEF
The CBEF was developed by JAXA (Ishioka et al., 2004) ; its ground model was set in a laboratory in the Tsukuba Space Center. The flight model of the CBEF was set in Kibo of the ISS. The CBEF ground model originated from the CBEF engineered model and had the same performance as the flight model. The temperature of the CBEF incubator unit was controlled using two thermomodules combined with multiple peltier devices.
Ground-based experiments
The positions of the MEU and temperature sensor inside the CBEF are shown in Fig. 1 . The effects of the room temperature and cooling water temperature on the inside temperature were examined at both temperature setpoints (21.5 and 37.5˚C). The laboratory room temperature was set at 20, 24, or 28˚C. The cooling water temperature was set at 2 or 8˚C. The flow rate of the cooling water was set at 1.1 L/min in all of the ground-based experiments. The positions of the temperature sensors inside the MEU are shown in Fig.  2 . Temperatures were obtained every minute, and the average temperature for 60 min after stabilizing was plotted.
Ground-based experiments: confirmation of temperature conditions in CBEF for space experiments
At the end of the ground-based experiments, we conducted temperature confirmation tests for the space experiments using the same incubation times as the individual space experiments. The Fish Scales experiment was conducted for 3.6 days (86 h). The Neuro Rad experiment was conducted for 28 days. We changed the temperature setpoint of the CBEF incubator to maintain the MEU-inside temperature at 22˚C for the Fish Scales experiment or at 37˚C for the Neuro Rad experiment in the microgravity section. 
Onboard experiments
Ta b l e 2 s h o w s t h e c o n d i t i o n s f o r t h e s p a c e experiments onboard
Kibo. The Fish Scales experiment was conducted at 22˚C for 3.6 days (86 h). The Myo Lab experiment conducted at 37˚C for 10 days, and the Neuro Rad experiment was conducted at 37˚C for 28 days. The Myo Lab and Neuro Rad experiments were conducted simultaneously during the third to thirteenth days. The values of the two sensors in each MEU were downlinked to the ground and transmitted to the experiment payload mission control center in the Tsukuba Space Center. Thereafter, the operator changed the temperature setpoint in the CBEF incubator and monitored the cooling water temperature to maintain the inside temperatures (22˚C for the Fish Scales experiment and 37˚C for the Myo Lab and Neuro Rad experiments) in the microgravity and artificial gravity sections. We used a button battery type temperature logger called ibutton (DS1922L, Maxim, CA, USA) for the onboard experiments so that we could detect the temperature close to the specimen during stowage before the CBEF incubation. The temperature data obtained every 20 min during the Fish Scales experiment and the averages of all the sensors and loggers inside the MEUs in the microgravity and artificial gravity sections were plotted, respectively. The temperate data obtained every 30 min for the Myo Lab and Neuro Rad experiments were also plotted. In addition, the average values of all the sensors and loggers inside the MEUs in the microgravity section and artificial gravity section were plotted, respectively.
Results
Ground-based experiments
Temperature difference between sensors A and B under both temperature setpoints (21.5 and 37.5˚C) Figure 3 shows the typical temperature data in the MEUs when the incubator temperature was set at 21.5˚C. In each MEU, the temperature data of sensor A were almost equal to those of sensor B. The difference between sensor A and sensor B ranged from 0.1 to 0.2˚C. Under other conditions, the difference between sensor A and sensor B was also very small (0.1 to 0.3˚C). Temperature difference related to the MEU position in the CBEF was also small (0.1 to 0.6˚C). The average values of all the temperature data are summarized in Fig. 5 . Figure 5 shows the average of the two sensors from each of the MEUs under several conditions (room temperature: 20, 24, and 28˚C; cooling water temperature: 2 and 8˚C). The temperature data ranged from 22.0 to 22.6˚C when the CBEF was set at 21.5˚C. The temperature in the MEUs ranged from 37.1 to 37.5˚C when the CBEF was set at 37.5˚C.
Effects of room temperature and cooling water temperature on inside temperatures of MEUs
Confirmation of temperature conditions in CBEF for space experiments
Fish Scales experiment Figure 6 shows the temperature profile during a final ground-based experiment to confirm the temperature condition before the space experiment when the room temperature was 22˚C. The CBEF microgravity section and artificial gravity section were set at 21.6 ˚C. As a result of regulating the temperature using the cooling water (8˚C), the temperature of the microgravity section was kept at a constant level (22.0˚C). An abrupt increase in temperature at 2.5 days was caused by opening the incubator door to take out a portion of the samples. (8) RT (20) RT (24) RT (28) RT (20) RT (24) RT (28) CW (2) CW (8) CW (2) CW (8) Figure 7 shows the temperature profile during a ground-based experiment to confirm the temperature condition before the space experiment. The CBEF microgravity section was set at 37.6˚C, while artificial gravity section was set at 37.0˚C. When the room temperature was 24˚C, the temperature of the cooling water was regulated at 6˚C. As a result, the temperature of microgravity section was kept at a constant level (36.9˚C). An abrupt decrease in temperature at 14 th day was caused by opening the incubator door to take out the samples.
Neuro Rad experiment
Onboard experiments
Fish Scales experiment Figure 8 shows the temperature profile during the onboard experiment. As the cabin temperature in the Kibo was 21 to 22˚C, the CBEF microgravity section was set at 22.2˚C, while artificial gravity section was set at 21.1˚C. On the basis of down-linked data, the temperature of the cooling water was regulated at 6 to 7˚C. As a result, the temperatures of the microgravity section and artificial gravity section were kept at a constant level (22.0˚C). Figure 9 shows the temperature profile during the onboard experiment. Taking account of cabin temperature in the Kibo, the CBEF microgravity section was set at 38.3˚C, while the artificial gravity section was set at 36.5˚C. On the basis of the down-linked temperature data, the temperature of the cooling water in the Myo Lab experiments was regulated at 6 to 7˚C. As a result, the average of the button-type loggers and sensors was 36.9˚C in both the microgravity section and artificial gravity section. Table 2 . Figure 9 shows the temperature profile during the onboard experiment. Taking account of cabin temperature in the Kibo, the CBEF microgravity section was set at 38.2˚C, while the artificial gravity section was set at 36.8˚C. On the basis of the down-linked temperature data, the temperature of the cooling water was regulated at 6 to 7˚C. Thereafter, the temperature of the microgravity section and artificial gravity section was kept at a constant level (36.9˚C). Abrupt decreases in temperature at 2 and 14 were caused by opening the incubator door to take out the samples.
Myo Lab experiment
Discussion
Ground-based experiments
Temperature difference between sensors A and B under both temperature setpoints (21.5 and 37.5˚C) When CBEF was set at either 21.5 or 37.5˚C, the temperature difference between the two sensors in each MEU was very small (0.1 to 0.3˚C). We demonstrated that CBEF had extremely accurate regulation in the MEUs. At both 21.5˚C and 37.5˚C (the CBEF setpoint temperature), we observed that the value of sensor A tended to be lower than that of sensor B (Figs. 3 and 4 ) except MEU6 position. As shown in Fig. 2 , sensor A was placed near the top plate of the MEU, while sensor B was placed near the base plate of the MEU. The temperature-controlled air from the thermo-module could have directly impacted the MEU body. In particular, the top plate might have been affected by the conditioned air. However, the difference was quite small (0.1 to 0.3˚C).
Temperature difference on MEU position in CBEF
When the CBEF was set at 21.5˚C, there was no temperature difference related to the MEU position in the ground-based experiments (Fig. 3) . At 37.5˚C (CBEF setpoint temperature), a maximum temperature difference among MEUs suited at different position was 0.4˚C. As shown in Fig. 4 , at 37.5˚C, the temperature values at MEU6 were slightly higher than those of MEU1, MEU3 and MEU4. MEU1, 2, and 3 were positioned on the side of a door on the CBEF, while MEU4, 5 and 6 were on the side of the thermo-module (Fig. 1) . In particular, MEU6 might have been affected by the air from the thermomodule. However, the difference was quite small (0.1 to 0.6˚C). We believe that this difference will not affect biological experiments.
Temperature control under several room temperatures and cooling water temperatures
As shown in Fig. 5 , the average temperature in the MEUs increased by 0.4-0.6˚C with an increase in the room temperature. This phenomenon may be explained as follows. When we set the CBEF incubator unit at 21.5˚C (Fig. 5A) , in the case of a room temperature of 20˚C, the average of all the sensor values from the MEUs was 0.5˚C higher than the setpoint temperature. When we set the CBEF incubator unit at 37.5˚C (Fig. 5B) , in the case of a room temperature of 20˚C, the average of all the sensor values from the MEUs was 0.5˚C lower than the setpoint temperature. On the other hand, when we set the CBEF incubator unit at 21.5˚C (Fig. 5A) , in the case of a room temperature of 28˚C, the average of all the sensor values from the MEUs was the same as the target temperature. When we set the CBEF incubator unit at 37.5˚C (Fig. 5B) , in the case of a room temperature of 28˚C, the average of all the sensor values from the MEUs was the same as the setpoint temperature. The MEUs were attached to the CBEF tray (see Fig. 2 ), which was made of metal (aluminum alloy). The temperatures inside the MEUs are controlled and affected by heat from the thermo-module. Furthermore, they can also be affected by the room temperature transferred though the heatinsulating body of the incubator through the tray (Fig. 2) . As the difference is quite small (0.4 to 0.6˚C), we believe Table 2 . The Myo Lab experiment was conducted for 2-13 days, while the Neuro Rad experiment was performed for 28 days.
Temperature (degree C) 
Ground-based experiments: confirmation of temperature conditions in CBEF for space experiments
We could control the temperature exactly during two whole experiments on the ground as simulated onboard experiments. We controlled the inside temperatures in MEUs for both a 22˚C experiment (Fish Scales experiment, Fig. 6 ) and a 37˚C experiment (Neuro Rad experiment, Fig. 7 ). In the Fish Scales final ground experiment, as shown in Fig. 6 , we set the microgravity section temperature at 21.6˚C. In the Neuro Rad experiments, as shown in Fig. 7 , we set the microgravity temperature at 37.6˚C during the ground experiment period. The temperature of the CBEF incubator was controlled on the basis of two sensors in each MEU. The inside temperature in an MEU was properly kept at a constant level. Thus, in the ground experiments, we conclude that the temperature of each MEU was maintained at a very appropriate value.
Onboard experiments
Based on the results of the ground experiments (Figs. 6 and 7) , we controlled the inside temperatures in the MEUs during onboard experiments, including both a 22˚C experiment (Fish Scales experiment, Fig.  8 ) and 37˚C experiments (Myo Lab and Neuro Rad experiments, Fig. 9 ). Judging from the present data, we believe that the temperature in an MEU can be accurately controlled during all the space experiments because the CBEF can separately regulate the temperature in each microgravity and artificial gravity section. For example, in the Fish Scales experiment, as shown in Fig. 8 , we set the microgravity section temperature at 22.2˚C during the experiment period. This means that we should set the temperature higher than the target temperature in the CBEF microgravity section. On the other hand, we set the artificial gravity section temperature at 21.1˚C during the experiment period. This means we should set the temperature lower than the target temperature in the CBEF artificial gravity section. As shown in Fig.  9 , for the Myo Lab and Neuro Rad experiments, we set the microgravity temperature at 38.2-38.3˚C during the experiment period. This means we should set the temperature higher than the target temperature in the CBEF microgravity section. On the other hand, we set the artificial gravity section temperature at 36.5-36.8˚C during the experiment period. This means that we should set the temperature lower than the target temperature in the CBEF artificial gravity section. We suggest that the centrifuge motor is a heat source. The heat created by motor rotation is transmitted to the MEUs through the centrifuge turntable. Furthermore, in each space experiment, a button-type logger was attached to the specimen. Based on the temperature data from this logger, the bio-specimens were incubated at exactly the required temperature.
Our final goal to investigate life science research in space is to analyze and discuss the reactions of biospecimens exposed to a microgravity environment. Biospecimen reactions under microgravity must separate the reactions from temperature changes and vibration during the launch phase (Johnson et al., 1997; Kern et al., 2001; Yatagai et al., 2011) . Therefore, we need an onboard − 20 − incubator and centrifuge to compare the microgravity environment with a control experiment (Johnson et al., 1997; Kern et al., 2001; Yatagai et al., 2011) . In this study, we successfully maintained equal temperatures for both bio-specimens under the microgravity and artificial gravity sections inside the MEUs by using different temperature setpoints for these sections of the CBEF. We checked the down-linked temperature values during the space flight experiments and sent commands to the CBEF to adjust the temperature setpoints for the microgravity and artificial gravity sections. Thus, we successfully developed hardware for life science experiments in the ISS that has the ability to maintain a cool or warm temperature, to make it possible to determine how a bio-specimen will react under a microgravity environment compared to a gravity environment. We concluded that the CBEF is very important hardware for the ISS. The CBEF was launched with the space shuttle mission STS-123, Endeavour, in March 2008. It was installed in Kibo and electrical and communications checks were performed in August 2008. Then, the 12 life science experiments listed in Table 1 were conducted by 2011 (Yatagai et al., 2011; Takahashi et al., 2010; Higashitani et al., 2009; Yano, 2011) . The photographs taken during each experiment are shown in Fig. 10 . The CBEF has been used for far more than life science experiments. A material development experiment called Nanoskeleton used the CBEF and MEUs at 40˚C. A protein crystallization experiment called JAXA PCG used the CBEF at 15˚C to cool the coolant materials. Furthermore, several experiments focusing on gravisensing using a model plant (Arabidopsis thaliana) and some cultured cells are planned. In addition, the CBEF is expected to be used in future space life science experiments selected in 2012 or later. In this study, the CBEF temperature control performance was shown to be highly capable. Because the CBEF has a very broad performance range, numerous experiments could be performed by using the CBEF. JAXA has to maintain the CBEF to conduct future life science experiments in the ISS.
